Research has shown that students have difficulty understanding the underlying process of the photoelectric effect. Thus, this study sought to utilize an inductively situated lesson for teaching the photoelectric effect, hypothesizing that this type of enquiry would help learners delve deeper into the principles of the phenomenon and provide a better background for its quantification. The lesson was conducted with a group of fifteen high-school physics students and a computerized simulated experiment was utilized as the medium for instruction. Students' responses to a qualitative question about the role of a battery in the photoelectric circuit supported the hypothesis that the lesson was a valuable learning experience. This paper presents an outline for the inductively reasoned learning process.
Introduction
The photoelectric effect is an essential concept in quantum physics. However, several studies have revealed students' difficulties with understanding its underlying processes. For instance, a study by McKagan et al (2009) found that 42% of students taught traditionally 'claimed (mistakenly) that a voltage is necessary or sufficient for current flow or to overcome the work function of the metal' (p 92). The level of understanding of the photoelectric effect is appraised by the readers of nationwide physics exams (AP Central 2010), who have recommended that 'teachers can help their students by de-emphasizing equation-hunting strategies and instead encouraging students to identify the relevant concepts prior to seeking a specific equation '. This paper discusses an inductive approach to introducing the photoelectric effect, the effectiveness of which was examined using a lesson taught to a group of fifteen physics students in one Texas high school. In the process of formulating the lesson, the author deconstructed the current methods of presenting the phenomenon and examined potential causes of students' difficulties with understanding its process. A synthesis of these findings assisted in formulating the content and the teaching strategy of the unit.
The activities of the lesson were carried out using a virtual laboratory called The Photoelectric Effect. The simulation, which is part of the PhET Interactive Simulations Project at Colorado University, can be downloaded for free 1 . The main components of the scaffold approach used in the laboratory were as follows: (a) remove the external battery in the initial stage of the analysis, and (b) apply an extensive contextualization 1 http://phet.colorado.edu/en/simulation/photoelectric. during the process of deriving the mathematical model for the phenomenon. The students' qualitative responses describing the role of the external source of the electromotive force in the circuit illustrated that the strategy provided helped them eliminate the misconception that the battery was the source producing the photocurrent.
Current research on the pedagogy of teaching the photoelectric effect A series of experiments, computer-based tutorials and simulations have been developed to help students understand the photoelectric effect. For example, Earle et al (2003) developed an experiment intended to help students gain an understanding of a photocurrent as a function of metal film thickness when photons were incident on one side of a thin gold film and electrons were ejected from the other. Calvin (2004) created a module on quantum physics that had students reproduce some of the reasoning that won Einstein his Nobel Prize. In addition, Kovacevic and Djordjevich (2006) created a mechanical model of the photoelectric effect that enabled instructors to apply an analogy to explain its processes, while Steinberg et al (1996) created a computer-based tutorial on the photoelectric effect that addressed the conceptual and reasoning difficulties identified by physics students. The focus of their tutorial was on drawing and interpreting current versus voltage graphs for the experimental electric circuit. Research conducted by McKagan et al (2009) proved that the virtual environment 'provided significant improvement over traditional instruction', even though 'there is still room for improvement in developing students' skills in reasoning from observations to inferences' (p 94).
Although all of the above resources were aimed at enhancing the pedagogy of the photoelectric effect, the researchers focused on emphasizing certain phases of the experiment rather than encompassing all of its stages and developing a holistic view. This study sought to develop a laboratory-based lesson that integrates all of the phases of the phenomenon and to provide a conceptual framework that strengthens the link between observation and inference. In this laboratory, students are immersed in observing, inferring, proving or disproving their hypotheses while constructing new knowledge based on scientific validity.
The structure of inductively organized units
According to Staver and Bay (1987) , inductive reasoning occurs in three progressively different stages: structured enquiry, guided enquiry and open enquiry. Due to the multiple variables that the photoelectric effect involves, the laboratorybased lesson described here is a structured enquiry. In this enquiry, students are given a problem and some auxiliary information that guides them through the solution process. The role of the teacher is to assist the students and provide suggestions if needed. The methodological framework of the lesson adopts (Joyce et al 2009) a four-layer model of an inductively organized learning environment constituted of focus, conceptual control, inference and confirmation. As a catalyst for the laboratory, a problem statement in the form of a question that students will answer while conducting the experiment is embedded. Students then complete a series of activities framed in Joyce et al's stages, as follows: (a) focus-collect data; (b) conceptual control-identify patterns of regularity; (c) inference-form a generalization (theory or law) that will lead to acquiring a mathematical model; and (d) confirmationverify the derived model in new circumstances via testing inference and further observations. Since an understanding of physics concepts requires formal reasoning, extraction of general principles from specific cases and familiarity with the process of mathematization of generated data (Bellomonte et al 2005) , this lesson follows the above framework in order to provide students with opportunities for practising Joyce et al's stages in a laboratory environment.
Discussion of content modification
Addressing the particle nature of light Steinberg et al (1996) showed that students have difficulties seeing the photoelectric effect in terms of the particle nature of light. The author of this paper claims that emphasizing a direct proportionality between the intensity of the external light source and the intensity of the ejected electrons before immersing the students in the complete process of the analysis of the photoelectric effect will help eliminate this deficiency. This element of cascade teaching (Joyce et al 2009) will enable students to understand this core principle before it is applied in a full laboratory context.
Introducing the concept of photon energy
Photon energy is often presented as the inverse proportionality relation with the wavelength as the independent variable of the dependence. The physics curriculum (College Board 2011) recommends that students be fluent in interpreting a photon's energy as inversely proportional to the wavelength E ∝ 1 λ such that a proportionality constant hc leads to E = hc λ , and E ∝ f leads to E = hf . Although inclusion of both functions is reasonable, research (Kwon et al 2000) has shown that a direct proportionality dependence provides a more straightforward interpretation. Building on this finding, in this lesson, application of the direct proportionality, E = hf , is enhanced, especially at the stage of conceptual control, and E = hc λ is introduced in the verification stage.
Introducing the concept of work function (electron binding energy)
According to Prince and Felder (2006) , during the learning process, new information is filtered first through a learner's mental structures that incorporate his or her prior knowledge. For this mental stage to emerge, the individual needs to be placed in a learning environment that resonates with his or her prior experiences and knowledge. The concept of work function, which is denoted by , is often introduced simultaneously when the entire mechanism of the photoelectric effect is discussed (see Tipler 1999 or Giancoli 2005 . In order to reduce the overload of information and familiarize the learner with the concept prior to embedding it in the entire process, it is suggested that the concept of work function be extracted and discussed separately. For instance, after being introduced to the concept, students can be given magnitudes of work functions of commonly used metal plates and determine which metals will eject electrons, given the frequency of external photons. This modification will simultaneously introduce students to the idea of the photocurrent initiation.
Discussion of variables of the experiment
Most of the experiments in physics and their mathematical representations involve manipulation of two variables. Their mathematical dependences, often expressed in the forms of quotients, externalized by slopes, produce a new quantity. For instance, in the force versus mass graph, the slope represents instantaneous acceleration. The photoelectric effect involves several variables. Not only can the initial photon's energy vary, but also the plates from which electrons are ejected can differ by the magnitudes of work functions. Consequently, the ejected electrons can acquire different kinetic energies speeding up or slowing down by varying external potentials. The author claims that these multiple dependences, though they do not require advanced mathematical apparatus, make the process of comprehending the experiment difficult for students. In order to address this issue, a modification was made in the main stem of the experiment conducted in this study. In the inductive enquiry lesson, the type of plate ejecting the electrons was initially kept constant. More importantly, initially there was no external potential difference in the circuit that would stop or speed up the ejected electrons. The idea of the stopping potential, having the definite task of helping quantify the effect, was introduced later, at the confirmation stage. These modifications cleared the path for students to realize that the only condition for initiating the photocurrent was giving the ejected electrons a sufficient amount of kinetic energy.
In the research findings of McKagan et al (2009) and Steinberg et al (1996) , it was inferred that the presence of an external battery in the circuit at the earlier stage of conceptual control of the effect diminishes the significance of producing the photocurrent by ejected electrons. By recognizing the presence of the battery in the circuit, students inevitably imply that the cause for the current initiation is the presence of the potential difference in the external circuit. This significant misunderstanding can be eliminated if initially no source of electromotive force in the external circuit is present. In the virtual laboratory setting used in this study, this elimination was accomplished by reducing the potential on the battery to zero. Students' qualitative responses, quoted later in the paper, suggest that this modification helped them understand the underlying principle.
Another element worth a short discussion is the terminology. Because the current initiated in the external circuit is commonly called a photocurrent, it might falsely suggest to some students that it is constituted of photons. Thus, emphasizing that the current is called a photocurrent because it is initiated by the external photons is recommended.
Analysis of the photoelectric effect
This study utilized a virtual laboratory, called The Photoelectric Effect, with fifteen high-school physics students. The teacher began by opening the simulation 2 and demonstrating its main features, focusing students' attention on the quantities affecting the photocurrent production. The potential difference on the battery was initially reduced to zero. Students were guided by the instructor and referred to the simulated experiment displayed on the classroom screen.
Problem-solving process
The lesson was organized in the form of two short problems revolving around the four stages of inductive enquiry. Problem 1. There are several plates that can serve as a source of ejected electrons: sodium, zinc, copper and calcium. Suppose you want to determine if purple light of frequency 7.5 × 10 14 Hz (shown on the simulation with a wavelength of 400 nm) will eject electrons from a calcium plate. What condition must be satisfied to have the electrons ejected? Verify mathematically if the condition is satisfied and then check your prediction with the simulation.
Stating hypothesis/gathering information. Students related the photon's energy with the binding energy of the plate and concluded that the photon's energy must be greater than the binding energy of the electrons in that metal plate. Thus, the following condition had to be satisfied: hf > . also be used to find that energy. Then they contrasted it with the binding energy of the calcium plate.
Verification and validation. Students verified their predictions by using the specific plate and observing whether electrons were ejected by the purple colour. They expected that the ejection would occur. This prediction was supported by the virtual simulation (see figure 1) . Note that the battery did not affect the movement of the electrons at this stage. Students realized that the only condition needed for the photocurrent to initiate was hf > .
Problem 2. While working on problem 1, students verified that for hf > , electrons were ejected from the plate. In order to construct an equation from the inequality, which is the main mathematical tool used to describe physical phenomena, an additional form of energy must be placed on its right side so that hf = + excess. Into what form of energy is the excess of the photon's energy converted? How can the excess of energy be quantified?
Stating hypothesis/gathering information. By observing the behaviour (movement) of ejected electrons, students related the excess of energy to the electrons' kinetic energy. This statement was inferred inductively from the observations. Students were then encouraged to use the features of the experiment, specifically the electric potential of the battery, to test the behaviour of the electrons under different potentials. They observed that when ejected, the electrons could speed up, slow down and eventually be stopped by an external force. They formulated their hypothesis, stating that the external action, which emerged as a means of determining the kinetic energy of the electrons, could in fact be used to find the excess of the electrons' energy.
Analysis/conceptual control. The next task was to find the method of computing the magnitude of kinetic energy experimentally and prove that it was equal to the calculated energy excess. This stage of the experiment referred to classical physics. The photon's energy was used to liberate the electrons, and its excess showed as the electrons' kinetic energy. The electrons appeared to decrease their kinetic energy when external potential difference was applied. This was the stage where the term stopping potential was introduced. Students were referred to the work-kinetic energy theorem and more specifically to its electrostatic form, KE = q V, where q is the charge of one electron and V represents the source of variable potential difference shown in the simulation as a battery. Manipulating the potential, students figured out that at a certain level, the electrons stopped moving. Students realized that q V = KE in this instance and inferred that the magnitude of the kinetic energy of the electrons must have been equal to work done on them by the external electric field. Students then realized the purpose of the external battery in the circuit. The battery helped determine the excess energy and formulate the law of conservation of energy for the photoelectric effect. The battery was not used to produce the electric current but rather to stop it.
Generalization and inference. By performing calculations, students concluded that the excess of the electrons' energy, calculated from excess = hf − , and the magnitude of their kinetic energy found experimentally shared the same numerical values. With this conclusion, they were ready to formulate the Einstein formula: hf = + KE. They started the process from the inequality hf > , then they formulated the equation hf = + excess, and finally, they proved that the excess of energy was equal to the kinetic energy of the electrons. Thus, hf = + KE. The inductive enquiry process helped them to mathematize the experiment.
Verification and confirmation of the derived model. This formula needed to be further verified and validated. Instead of fragmented problems, students focused on proving that the formula held true if the conditions of the experiment were modified or if the formula was provided in a different form, for instance, with photons' wavelength instead of their frequency. The simulation allowed multiple ways of verifying the formula. Samples of such problems are provided below.
(1) The circuit in which the photocurrent is produced contains a battery. Is the battery the source of electromotive force producing the photocurrent? If yes, how does it affect the current?
If not, what is its purpose?
(2) What quantities, in the formula hc λ = + KE, will be affected if the wavelength of the photons decreases? Verify your predictions using the simulation.
(3) Predict how the quantities in the formula hf = + KE will be affected if a plate with higher work function is selected and all other parameters remain constant. Verify your predictions by using the simulation.
Student responses
In an attempt to gain insight into the effect of the enquiry on students' reasoning processes, a qualitative question targeting the student misconception identified by McKagan et al (2009) and Steinberg et al (1996) -that the battery was the source that produced the photocurrent-was addressed. The content of the question reflects the first question in the sample pool.
The circuit in which the photocurrent is produced contains a battery. Is the battery the source of electromotive force producing the photocurrent? If yes, how does it affect the current? If not, what is its purpose?
Twelve out of the fifteen physics students in this study stated that the battery was not the source of the photocurrent. Following are some of these responses, verbatim. • No, it is used to speed or slow the electric current.
• The battery is not the source of the electric current. The battery simply affects how many electrons are flowing through and the rate (speed) at which they do so.
• No, the photons 'jumping across' the circuit cause the current, and the battery in the picture has no such purpose.
• No, the light is the source of the electric current. The battery's purpose is to attract or repel electrons from the cell that does not have the light on it.
• No, the battery is not the source of electric current. The light emitted from the lamp will cause the particles to travel to the other side, creating a current. The frequency and wavelength can change, which in turn affects the particles.
• No, the current comes from the light reflecting off the panel.
• No, its purpose is to keep current constant. Not sure.
The students associated the production of electric current with the presence of external photons. Although they did not relate the external potential to the process of finding the kinetic energy of the electrons, they realized that the external potential could speed up or slow down the electrons. They formulated an internal image of the experiment and consequently supported their explanations using this image. It seems that the simulation had a great effect on solidifying their reasoning processes.
Suggestion
Although most of the twelve respondents correctly explained the purpose of the battery, some were still unsure why the battery did not contribute to the increase in the intensity of the photocurrent, as it would do in a regular direct electric current circuit. This interesting fact prompted the author to develop a suggestion for further improvement of the laboratory. It became apparent that these students needed to observe a prior case illustrating no electrons moving in the vacuumed chamber, even with the battery potential set at its maximum value but with zero intensity of the external photons (see figure 2 ).
Summary
The National Science Standards (National Research Council 1996) state that students need to learn how to (a) use technology and mathematics to improve investigations and communications and (b) formulate and revise scientific explanations and models using logic and evidence. The lesson discussed here helps achieve these goals. The lesson was created to provide a general framework for adapting the inductive enquiry process in a virtual physics laboratory. Students praised the lesson's simplicity and the substantial dynamical effects that provided them with a model for embodying pen-and-pencil textbook problems and solving them. The author hopes that this lesson can be used by other instructors to help teach the photoelectric effect.
It is worth mentioning that some of the simulations created by PhET Interactive Simulations have been adapted for mathematics classes. For instance, a study by Sokolowski and Rackley (2011) utilized wave on a string to apply sinusoidal functions, which could be further extended to analyse harmonic motion, and the activities enriched students' mathematical modelling skills and had a profound impact on their standardized test scores.
